Improving the efficiency of heating systems can give a tremendous contribution towards the EU energy efficiency target for 2030. Significant heat losses are one of the main disadvantages of the dominating high temperature district heating (DH). Even in summer, the high retention time of water in the network leads to thermal losses from domestic hot water reaching up to about 30 %. An empirical model based on experimental data of heat energy consumption in multi-apartment buildings is created for economical optimization of the operation of DH systems. A methodology has been developed that allows estimating the total energy cost savings (including losses) of buildings associated with the reduction of heat loss in the system, by reducing the supply flow temperature, and increasing electricity consumption by increasing the mass flow rate of water in the network.
INTRODUCTION
The European Union has set itself a 32.5 % energy efficiency target for 2030 [1] . Improving the efficiency of heating systems can give a tremendous contribution towards this target. Significant heat losses are one of the main disadvantages of the dominating high temperature district heating (DH). Even in summer, the high retention time of water in the network leads to thermal losses from domestic hot water reaching up to about 30 % [2] .
By the means of energy efficiency, the topic on low temperature district heating (LTDH) becomes more and more relevant. It is assumed that LTDH will increase its importance in the future, due to its high potential for heat supply and ability to operate on heat from renewables and waste [3] . Lower supply temperatures reduce heat loss, consume less fuel, and have a smaller impact on the environment, due to the minor difference in temperature between the heating network and the surrounding ground [4] . LTDH is especially beneficial for raising the share of renewables in energy, for its supply temperature is suitable for several renewable sources, including resources with not yet fulfilled potential, e.g. industrial excess heat [5] , waste [3] , geothermal energy [6] , etc. Therefore, LTDH is a tool not only to reach energy efficiency targets, but it also contributes to increasing the share of renewables, which is another key goal for the EU.
An LTDH system usually refers to a system of district heat supply network operating in the range between 50 °C and 70 °C supply and 25-40 °C return temperature [7] . Nord et al. [8] 191 found that network heat loss can be reduced by lowering the supply temperature from 80 °C to 55 °C. Meanwhile, a study by Cai et al. [9] shows that lowering the supply temperature from 70 °C to 50 °C in the DH system can reduce heat losses by 35 %. A smaller reduction of heat loss was found by Park et al. [10] , when lowering the supply temperature from 65 °C to 45 °C gave a reduction of heat loss by 15.6 %. Meanwhile, Li and Wang [11] calculated the greatest reductionby up to 75 % when compared with the medium temperature DH system.
Some studies indicate that it is possible to maintain a comfort temperature in domestic space even with ultra-low supply temperature of 40 °C [12] and 45 °C [13] . Here the question of the 5 th generation DH becomes relevant. 5 th generation DH with ultra-low temperature provides additional values to the 4 th generation DH, such as flow temperature close to the ground temperature, the ability to work in heating or cooling mode indepe ndently of network temperature, bi-directional and decentralized energy flows [2] . However, it is important to consider that energy efficiency is also determined by a proper design of buildings, which should be suited for particular climatic conditions [14] , [15] , giving special consideration to the material of the outside wall [16] .
Usually, in order to achieve higher energy efficiency, the supply temperatures should be as low as possible. However, while for space heating at a comfortable room temperature can be reached with ultra-low supply temperature, the reduction of supply temperature for domestic hot water can raise sanitary-related issues, like avoidance of Legionella bacteria forming [12] .
Although transition to the 4 th generation DH is related to possible costs of modification of heating systems, conversion of district heating grids and readjustment of buildings, it gives more benefits due to a better utilization of low temperature heat sources, lower grid losses, and improved efficiency in the production system [17] . As research shows, LTDH can give additional cost savings when technical innovations in heating systems are applied. Im and Liu [18] used a simulation to show that an auxiliary heat storage pipe can help to maintain stable temperature conditions of supply flow, and therefore save more energy. Sameti and Haghighat [19] demonstrated that additional energy savings in district heating systems can be achieved by expanding heat exchange among several buildings, which can lead to a 25 % reduction in annual costs. Whereas Tunzi et al. [20] investigated the application of LTDH to hydraulic radiators by adjusting temperatures according to demand, and found that it can lead to a discount of 14 % to 16 % in annual energy bills.
METHODOLOGY

Energy Balance
The heat consumption of buildings depends on two parameters: mass flow rate of water in the heating network and temperature difference in the supply and return pipes. It is determined by the equation of heat balance: 192 Heat supply to the building can be achieved by: − Increasing difference between supply and back flow water temperature; − Increasing mass flow rate of the water in the network; − Other solutions: mixing solutions mentioned above to reach an optimal solution for the local situation. The implementation of the optimization task involves the identification of optimal technological parameters and the search for the lowest costs. Therefore, it is very important to analyse the operating parameters of the local heating system and to find the links between them.
Experimental Research for Multi-Apartment Buildings. Kemeri Case
The experiment was carried out in Kemeri for two multi-apartment building ( Fig. 1) , where heating systems and hot water consumers are connected to the district heating system. The buildings are located very close to each other, forming a square. Brick buildings are built in two pairs. Each pair consists of one two-story building and one three-story building. In the middle between both buildings, there is a one-story unheated auxiliary building as a connecting element.
Each pair of buildings has its own individual heating substation (IHS). Each pair of buildings has 20 apartments and about 54 residents, and a heated area of 1 493 m 2 . Each IHS provides heat supply and the possibility to regulate several settings, e.g. heat curve for building space heating system, night set-back, etc. The local boiler house provides heat energy to a total of 40 apartments with a total heated area of 2 986 m 2 .
The two buildings are supplied with heat by a local boiler house which consists of two heating plants with the power of 350 kW each. The boiler house is powered by natural gas.
Local boiler house
Course of the Study
The experiment was conducted from February to April 2019, however, monitoring of data already started in November 2019. Each IHS is equipped with a heat meter from "Kamstrup" and a remote meter reading system from "Metlink". The data was collected on supply and return temperatures, water capacity, flow rates and heat consumption in order to find the link between them. The overall steps of the research are presented in Fig. 2 . The analysis of the local heating system for one of the pairs of buildings was carried out for 3 periods (see Fig. 3 ). During the pre-experiment, the supply temperatures in the district heating system was kept as usual with no regulations. Only observations were made during this time.
The first experiment was carried out from March 26 th to April 9 th , when the flow temperature was decreased by 17 °C to see how it would affect other factors.
The second experiment was carried out from April 10 th to April 25 th , when the flow temperature was decreased by another 5 °C. The course of the experimental part of the research is presented in Table 1 .
The requirement was set to reduce indoor temperature during the experiment by no more than 1-2 °C. 
RESULTS
For each period, selective data analysis was performed, looking for the influence of independent variables (outdoor air temperature, supply and back-flow temperature and mass flow rate of the water in the network) on the dependent variable (total heat consumption).
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Data Analysis
Changes in the supply and return flow temperatures depending on the outdoor air temperature are illustrated in Fig. 4 . The analysis of the data of the supply and back-flow temperature changes shows that the data correlation is good during the pre -experiment. The resulting regression equations can be considered as empirical models and can be used to analyse the results.
In turn, the supply and return flow temperatures during experiment show a weak correlation with outdoor air temperature, which indicates that the return flow temperature is influenced by hot water consumption. The data also shows that the supply flow temperatures during the pre-experiment and experiment do not depend on the outdoor air temperatures which leads to the conclusion that in March, the quantitative regulation with increase or decrease of the mass flow rate was carried out with a constant supply flow temperature, but in February the temperature was relatively low and it changed slightly depending on outdoor temperature. In turn, the return flow temperature practically did not change depending on the supply flow temperature.
All of the above shows that there is no deliberate regulation of heat supply and r eduction of heat consumption in buildings. During the experiment, the temperature of the water supply lines was reduced with the hope to reach a temperature decrease of the return pipes. However, this failed because the mass flow rate of the water automatically increased (see Fig. 5 ). The results of the analysis are summarized in Fig. 6 and show both a satisfactory data correlation and a large dispersion of data. Therefore, it is possible to conclude that the regulation of the mass flow rate is more incidental. Therefore, the empirical model can only be used for the correlation of good data achieved during the last experiment (R 2 = 0.94). During the pre-experiment, the dispersion of data (R 2 = 0.33 and R 2 = 0.34) is high, indicating a lack of energy management in the building.
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The consumption of heat depending on the mass flow rate in the network is illustrated in Fig. 7 . There is good correlation during the pre-experiment periodin February (R 2 = 0.74) and in March (R 2 = 0.99). In contrast, during the experiment, the correlation is not as good (R 2 = 0.51). This may be due to a reduction in the supply flow temperature as it does not change according to the outdoor air temperature. Therefore, the temperature difference was minimally affected. 197 An interesting picture emerged in the analysis of heat consumption changes versus the temperature difference (see Fig. 6 ).
During the pre-experiment in February, the temperature difference remained unchanged (R 2 = 0.13), therefore quantitative regulation, changing the mass flow rate in the system, led to a waste of heat energy in the building (see Fig. 8 ).
Outdoor temperature, ºC
Heat energy consumption, During the pre-experiment period in March, a greater temperature difference and good data correlation were observed (R 2 = 0.95). However, the regulation of heat supply is even more pronounced: the temperature difference increases as the heat consumption decreases , which increases the overall operating costs of the system.
MWh/day
During the experiment in March, the flow temperature was reduced, which led to a reduction in heat consumption. However, it can be observed that the decrease in heat consumption is related to the increase of temperature difference.
Decreasing heat consumption as the temperature difference rises, indicates a compensation for the temperature differences by increasing the mass flow rate and deliberate cost -increase of the system's performance, by increasing electricity consumption for water transportation in the system.
The mass flow rate changes during the pre-experiment and experiment periods indicate a logical decreasing trend in the mass flow rate due an increase in outdoor air temperatures. At the same time, there is an increase in the mass flow rate when the heat transfer supply flow temperature is reduced in order to reduce heat loss in the heat network. This is due to a decrease in the temperature difference. It is always important to have a higher temperature difference, mainly to obtain a low as possible back-flow temperature. However, the temperature difference during the experiment was much lower than during the pre-experiment in March.
The link between the temperature difference of water supply and return flow and mass flow rate is illustrated in Fig. 9 . A good correlation of data was observed during the pre-experiment in March (R 2 = 0.96), which shows that, in the event of a decrease in the temperature difference, the flow rate increases. The rest of the data was not used for the analysis of regularities, as the data dispersion is large in March (R 2 = 0.12) and February (R 2 = 0.02). Fig. 9 . Interaction of water temperature difference with mass flow rate in heat network.
Empirical Model for Assessment of Energy Savings
Heat consumption in buildings depends on the outdoor air temperature and the correlation of data is good during the pre-experiment in February (R 2 = 0.76) and in March (R 2 = 0.82), however, the correlation is best during the experiment (R 2 = 0.93) (see Fig. 9 ). This means that these mathematical relationships can be used to express the heat consumption dependence on the outside temperature.
The empirical equation for determining heat consumption at the pre -experiment stage, for example, in March is as follows:
where Q1
Daily heat consumption at pre-experimental stage, MWh/day; tout
Outdoor air temperature, °C.
The empirical equation for determining heat consumption during an experiment is as follows: 
where Q2 Daily heat consumption during the experiment, MWh/day.
Reduction of the supply flow temperature by 20 °C has led to heat savings in the building, and the comfort of the building's inhabitants has not diminished. An empirical model for modelling heat savings, when the supply flow temperature is lowered, can be determined as follows:
where Q is heat savings in one day by reducing the heat transfer supply flow temperature by 20 °C, MWh day.
Eq. (4) and Eq. (5) present trend of changes in heat energy savings versus outdoor temperature in case of heat energy consumption in the building to cover needs of heating and hot water system. Therefore, it is important to reduce the supply flow temperature, analyse the nature of mathematical relationsthe dependence of the heat consumption of the building on the outdoor air temperature (the higher the slope of the line, the greater the reduction in heat consumption).
Economic Assessment
With the introduction of 4 th generation heating system solutions, lowering the supply flow temperature, water mass flow rate in the system increases and electricity consumption increases. Therefore, tcosts can increase and decrease depending on the set operating mode.
A methodology has been developed that allows estimating the total cost savings associated with the reduction of heat loss in the system by reducing the supply flow temperature, and increasing electricity consumption by increasing the water capacity in the DH system. Increase of water capacity creates growth of electricity consumption. The calculations consider that the ratio of the water capacity rate increase leads to an increase in electricity consumption in the cube.
It is possible to assess the total costs (savings and losses) in this particular case by applying the empirical Eq. (6):
where C is energy saving costs in case of reduction of supply temperature in DH system, EUR/MWh.
The total cost of the Kemeri building block is negative when the outdoor air temperature is below 4 °C (see Fig. 10 ). This means that reducing the supply flow temperature in this particular case has not produced the expected effect. Supply temperature can lead to economical savings in cases when the outdoor temperature is above 4 °C. Data on current energy and electricity prices are used in the calculations: fuel is relatively cheap, but electricity is expensive. The developed methodology is applicable in cases when it is necessary to predict the implementation of 4 th generation heat supply without large investments.
CONCLUSIONS
A methodology for analysing the feasibility of 4 th generation heat supply has been developed, where the supply flow temperature of the heating system is decreased. Technological options and reductions in heat consumption have been assessed using the empirical model during experiments. The empirical model shows that, when the heat consumer operates both the heating and hot water system, heat savings depend on outdoor temperature.
Based on experimental data, a methodology has been developed that allows estimating the total energy cost savings (including losses) of buildings associated with the reduction of heat loss in the system, by reducing the supply flow temperature, and increasing electricity consumption by increasing the mass flow rate in the heat network. The implementation of this methodology along with proper application can lead to a significant reduction of CO2 emissions, as well as save energy resources.
Further research should focus on analysing costs in different operating regimes, which would give more detailed information on the possible cost savings.
